This paper investigates the feasibility of site characterization via spectral analysis of horizontally-polarized shear (SH) waves as a means to lter the e ects of pore water for saturated soil conditions. Using a multi-layered wave propagation model to simulate the proposed testing con guration revolving around a torsionally vibrating loading plate, it is shown that the use of generalized Love (i.e. SH body and surface) waves as a sounding tool precludes the in uence of the soil's Poisson's ratio, thus reducing the number of parameters relevant for seismic data interpretation and ruling out the existence of compressional waves. Preliminary numerical simulations indicate that the dispersion curves for generalized Love waves may be su ciently sensitive to stratigraphic variations to serve as a basis for the development of an SH alternative to the spectral analysis of surface waves commonly associated with vertically-polarized ground motion.
INTRODUCTION
In seismic testing of natural or man-made geotechnical pro les, one of the key issues is a reliable assessment of dynamic properties of the soil matrix. In addition to serving as index parameters that can reveal variations in site stratigraphy, dynamic soil properties can be directly used in a wide range of applications such as the design of foundations to dynamic loads (Gazetas 1991) , evaluation of the soil liquefaction potential (Stokoe and Nazarian 1985) , and determination of the e ectiveness of soil improvement techniques. Among the variety of existing geophysical methods, the non-intrusive techniques such as the Spectral Analysis of Surface Waves (SASW) method (e.g. Stokoe and Nazarian 1983 , Nazarian and Desai 1993 , Ganji et al. 1998 ) are gaining popularity in geotechnical site characterization owing to their cost-e ectiveness and ability to probe soils that are di cult to sample.
One of the most common dynamic sources employed by non-invasive seismic methods is the vertical impact on the ground surface which generates a verticallypolarized motion comprised of body (compressional and shear) waves and surface (i.e. Rayleigh) waves (Woods 1968) . In dealing with the sources rich in dilatational waves such as vertical impact loads, attention needs to be paid to the groundwater conditions due to the fact that saturated soils, sti ened by the negligible compressibility of the pore water, tend to propagate compressional waves at high velocities which may not be representative of the soil skeleton (Kramer 1996) . In conventional seismic re ection and refraction methods, the problem is often resolved by the use of lateral impact sources abundant in horizontally-polarized shear waves. Despite the advantages of the SASW method for geotechnical applications, however, the spectral-analysis counterpart of the traditional seismic techniques based on the dispersion of Love (i.e. horizontally-polarized shear) waves is currently unavailable.
To advance the geophysical exploration capabilities aimed at characterizing saturated soils, the focus of this investigation is a physical and computational framework for an alternative in-situ evaluation of dynamic soil properties by means of the spectral analysis of horizontally-polarized Love and shear body waves generated by a torsionally vibrating source. The physical intricacy of generating torsional surface loads is balanced by the reduced complexity of the associated wave propagation analysis which, in the absence of compressional waves, precludes the existence of Rayleigh modes and suppresses the e ect of the Poisson's ratios on multi-layered wave patterns. On the basis of synthetic motion measurements, it is found that the dispersion curves for generalized Love waves exhibit measurable sensitivity on the stratigraphic arrangement, prompting further e orts towards the realization of the new eld technique. In addition to enhancing the in-situ characterization of saturated soils, the proposed method may aid the reliability of the spectral analysis of surface waves by reducing the number of relevant soil parameters in each layer to two, namely the shear modulus and the mass density. A set of numerical results is included to highlight the feasibility of the proposed approach.
EXPERIMENTAL SETUP
Despite the fact that the sources rich in shear waves are commonly used in conventional seismic exploration of geotechnical pro les (Kramer 1996 , Sharma 1997 , their use as a basis for site characterization via spectral analysis of seismic waves has largely been absent. One of the principal impediments to the frequencydomain interpretation of waves generated by conventional shear sources (e.g. a beam pressed against the soil and subjected to lateral impact) appears to originate from the measurable participation of compressional waves in the resulting site motion. While the \contamination" of surface motion with dilatational waves in such instances can be readily dealt with in the case of conventional seismic (i.e. To address the problem, a conceptual experimental setup comprised of a torsionallyoscillating plate and a set of motion transducers oriented to monitor the horizontal (i.e. tangential) surface motion is proposed as outlined in Fig. 1 . A slippage between the vibrating plate and the ground for such con gurations could be minimized using for instance su cient vertical prestressing, a system of nails, or radially spreading ns protruding from the contact side of the plate. Besides the fact that the theoretical solution for such loading arrangement precludes the existence of compressional waves as will be demonstrated in the next section, an additional advantage of the proposed setup in minimizing the participation of dilatational waves in actual eld situations lies in the tangential orientation of the surface transducers which kinematically lters the vertically-polarized motion originating from accidental axial vibrations of the dynamic source. To expedite the measurements and the spectral analysis of the induced ground motion, torsional vibrations of the loading plate may be generated via an electromagnetic shaker excited by a white-noise random signal with an appropriate frequency bandwidth, a source which has been successfully used in resonant column (AlSanad et al. 1986 ) and centrifuge testing (Pak and Guzina 1995) .
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PREDICTIVE MODEL
To render the horizontally-polarized surface wave motion elucidated in Fig. 1 tractable to the spectral analysis as a basis for non-intrusive delineation of geological pro les, this section introduces an elastodynamic model simulating the response of a multi-layered half-space due to torsional, time-harmonic surface loads (see Fig. 2 ). The solution represents an extension of the interior point-load model given by Guzina and Pak (2000) . With reference to the cylindrical coordinate system (r; ; z) set at the top surface, the j th stratum (j =1; 2; : : : ; n) of the layered half-space is characterized by the shear modulus G j , Poisson's ratio j , mass density j , and thickness h j . The material parameters of the bottom half-space are denoted as G n+1 ; n+1 and n+1 . The applied tangential tractions (i.e. shear stresses) (r) e i!t , acting in the -direction with circular frequency !, are distributed over the circular surface area of radius a centered at the origin.
Upon employing the multi-layered elastodynamic formulation (Guzina and Pak 2000) to derive the medium response due to torsional time-harmonic sources, it can be shown that the only non-vanishing motion component at the surface of a layered half-space subjected to an axisymmetric surface torsional load (r) e i!t is the tangential displacement u which permits the integral representation u (r; z =0; t) û (r; !) e i!t = e i!t G 1 
as a combination of the downwardly-and upwardly-propagating shear waves in the uppermost layer. In (2), is an integral transform parameter similar in nature to the wave number; 1 = q 2 ? ! 2 1 =G 1 ; S denotes the rst-order
Hankel transform of the applied shear stress distribution, i.e.
andR d 1 is the generalized re ection coe cient for the downwardly propagating SH waves in the top layer impinging on the material interface at z = h 1 which includes multiple re ections and transmissions of horizontally-polarized waves at material discontinuities below depth z = h 1 . By means of the propagator matrix approach (see Guzina 1996) ,R 
with k s j denoting the shear wave number in the jth layer. Physical meaning of the SH re ection and transmission coe cients (5) is illustrated in Fig. 3. 5 Guzina As can be seen from (1) to (6), the solution for the dynamic response of a multi-layered elastic half-space due to axisymmetric torsional loads does not involve the Poisson's ratios (equivalently bulk moduli) of individual strata, thus reducing the number of pertinent material parameters in each layer to two. The foregoing fact, combined with the solution compactness (relative to the case of vertically-polarized waves), indicates the feasibility of an e cient spectral interpretation of the seismic eld measurements aimed at resolving the site stratigraphy from horizontally-polarized shear wave patterns.
In what follows, it will be assumed that the action of the loading plate with radius a vibrating torsionally on the surface of a site can be approximated via linearly-varying surface tractions 
where T is a constant and H denotes the Heaviside step function, i.e.
H(x) = ( 1; x 0; 0; x < 0:
It may be noted that the shear traction distribution (7) is characterized by the resultant torque of magnitude T, i.e. that 
By means of the integral identity involving Bessel functions (Gradshteyn and Ryzhik 1994) , the rst-order Hankel transform of the contact shear stress distribution (7) can be expressed as
6 Guzina Upon combining (2), (4), (5), (6) and (10), the solution for the tangential displacement at the surface of a multi-layered half-space due to torsional load (7) can be evaluated by numerical quadrature of (1) via suitable truncation of the integration interval as permitted by the integrand decay. In evaluating the foregoing integral, however, it should be noted that the behavior of (2) is characterized by a number of poles spread along the formal path of integration (0 1) corresponding to di erent modes of Love surface waves in a given layered medium (Guzina and Pak 2000) . To avoid the singularities under such circumstances, the path of numerical integration can be suitably deformed into the rst quadrant of the complex -plane as illustrated in Fig. 4 . As indicated in the diagram, the radicals j in (6) are rendered single-valued by choosing their branch cuts so that the real and imaginary parts of j (j =1; 2; : : : ; n+1) are always non-negative. To simulate the eld measurements of the tangential surface motion indicated in Fig. 1 which could be e ectively performed using geophones (i.e. velocity transducers), the time-harmonic displacement solution (1) can be employed to predict the particle velocity measurements as v (r; z =0; t) v (r; !) e i!t = i!û (r; !) e i!t :
With reference to the synthetic multi-layered pro les outlined in Fig. 5 , typical examples of the tangential velocity variation across the ground surface subjected to torsional load (7) are given in Fig. 6 . 
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DISPERSION OF HORIZONTALLY-POLARIZED SHEAR WAVES
On the basis of the foregoing developments, the apparent phase velocity of horizontally-polarized shear waves propagating along the surface of a site can be evaluated analogous to the case of the SASW technique (e.g. Nazarian and Desai 1993) via c = ! r ; (12) where ! = 2 f is the circular frequency of vibration, r is the receiver spacing as indicated in Fig. 5 , and is the phase di erence between the response of the nearer transducer (denoted as \1") and the farther sensor (denoted as \2") which can be expressed as To validate the approach, the dispersion curve for a single-layer system in Fig. 7 is calculated via (13) and compared to the theoretical solution for phase velocities of the fundamental-mode Love waves (Stoneley 1948) . As can be seen from the display, there is a reasonable agreement between the two solutions. Similar to the case of vertically-polarized Rayleigh waves Woods 1991, Ganji et al. 1998) , however, it is important to observe that the phase-di erence solution presented herein di ers essentially from the theoretical solution for the 9 Guzina dispersion of Love waves (e.g. Stoneley 1948) because it encompasses not only the fundamental surface-wave mode, but also the entirety of the shear body waves generated by the oscillating disc and possibly the higher Love-wave modes depending on the particular stratigraphic con guration. As such, the dispersion model given by (1) to (13) could be used as an appropriate tool for the spectral interpretation of surface wave measurements indicated in Fig. 1 regardless of the receiver spacing.
To investigate the feasibility of resolving the site stratigraphy from dispersion characteristics of horizontally-polarized shear waves, the phase velocity curves for Pro les A and B (see Fig. 5 ) are plotted as an example in Figs. 8 and 9 , respectively. With the source-receiver spacing used to construct the dispersion relationship denoted as in Fig. 5 , the regions of validity of the synthetic phase measurements employed in developing the compound dispersion curve are chosen based on the Heisey's ltering criterion (Heisey et al. 1982) . Originally proposed for vertically-polarized waves, Heisey's criterion requires that the wave length of the apparent surface waves ( = 2 c=!) be limited to the range 1 3 r= r 2 : (14) Consistent with the vertically-increasing shear modulus distribution characterizing Pro le A, Fig. 8 demonstrates the decrease in the phase velocity c with diminishing wave length (i.e. with increasing frequency) ranging from the shear wave speed in the third layer c s 3 to the shear wave speed in the top layer, c s 1 . It should be noted, however, that the drop in the apparent phase velocity below the theoretical lower bound for Love waves (given by c s 1 ) at higher frequencies clearly indicates the presence of body waves in the solution. The particular reason for such \anomalous" high-frequency behavior is the propagation of multiply-re ected shear body waves in the top layer whose tortuous travel path may be considerably longer that its horizontal projection used to calculate the phase velocity c.
The trends generally similar to those in Fig. 8 can also be observed in the dispersion curve for Pro le B displayed in Fig. 9 . There are, however, some notable di erences between the two diagrams stemming from the dissimilar shear modulus and mass density distribution characterizing the two models. First, the dispersion relationship for Pro le B exhibits locally non-monotonic behavior which is in contrast to the rst example. Second, the high-frequency response in Fig. 9 approximates closely the lower bound on the phase velocities of Love waves c s 1 , thus indicating insigni cant contribution of body waves to the surface motion beyond f = 75 Hz. The latter feature appears to be a direct consequence of the substantial thickness of the top layer in Pro le B (h 1 = 4m) compared to that of Pro le A (h 1 = 1m), resulting in the diminishing e ect of the multiplyre ected body waves in the uppermost layer. As a means of comparison, the wave length of the (shear) body waves in the top layer of both pro les is approximately s 1 1m at the frequency f = 125 Hz. 10 Guzina The dispersion curves corresponding to Pro les A and B are directly compared in Fig. 10 . As expected, the di erences between the phase velocities are especially pronounced in the lower frequency range corresponding to the wave lengths penetrating intermediate layers where the two pro les actually di er. In this range, the \softer" Pro le B exhibits consistently lower phase velocities than the reference Pro le A.
SUMMARY AND CONCLUSIONS
This paper proposes a physical and computational framework for in situ evaluation of dynamic soil properties by means of the spectral analysis of Love and shear body waves generated by a dynamic torsional source. It is shown explicitly that the associated theoretical solution, in addition to having a relatively compact form, rules out the e ect of Poisson's ratios of the multi-layered pro le, thus rendering a rigorous inverse analysis of horizontally-polarized seismic waves more tractable. Extensions of the featured elastodynamic model to lossy media foreshadow elimination of an additional set of material parameters from the inverse problem, namely the compressional damping ratios of individual layers. On the basis of the synthetic velocity measurements, it is found that the dispersion curves for generalized Love waves exhibit measurable sensitivity on the stratigraphic arrangement, thus prompting further e orts towards the realization of the proposed eld technique. Besides the matter of e ectiveness and convenience of the associated spectral analysis, the development of the new method may be justi ed by the need to deal with in-situ characterization of saturated soils where 12 Guzina compressional waves nd limited use owing to their strong dependence on the groundwater rather than the soil skeleton.
